The optic tectum contains a precise map of orienting movements: the size and direction of movements of the eyes, head, and/or body vary systematically with the locus of neural activation within the tectum. In adult animals, this motor map aligns closely with the tectal map of visual space.
This study addressed the question of whether the motor map develops entirely independently of visual experience. We found that in barn owls (Tyto alba) raised without vision, although a tectal map of head movement develops, its topography and alignment with the map of visual (and auditory) space are abnormal. The results demonstrate that during early life vision is necessary either to maintain or to guide the development of a normal tectal motor map.
The optic tectum (superior colliculus) contains a map of the size and direction of movements that redirect an animal's gaze toward sensory stimuli. The topography of the motor map can be revealed by tectal microstimulation, which elicits saccadic (high velocity) movements of the eyes in primates and of the eyes, head, and/or body in other species (1) . The motor map is aligned with maps of visual and auditory space: the evoked movement vector can be predicted by the visual and auditory spatial tuning of neurons at the site of stimulation and the size and direction of the movement change consonant with the maps of sensory space. This sensorymotor alignment implies that a given locus of tectal activity gives rise to the precise spatiotemporal pattern of motorneuronal discharge that will redirect the animal's eyes toward the topographically encoded stimulus location.
What ensures that the topography of the motor map matches that of the visual and auditory maps? The processes that give rise to the various representations of space are quite distinct: the visual map derives from a point-to-point projection of retinal ganglion cells, the auditory map derives from systematic changes in neural tuning to interaural timing and intensity differences, and the motor map is based on systematic changes in the rate and distribution of motorneuronal activity that results from focal tectal activation. In addition, the topographies of the auditory and motor maps depend differentially on factors that vary across individuals, such as the size, shape, and mass of the head.
We hypothesized that experience is required to align the tectal sensory and motor maps. Since vision provides the most detailed and reliable spatial information of any sense, visual-motor experience would be likely to dominate such an alignment process. To test this hypothesis, we raised barn owls (Tyto alba) with their eyelids sutured shut and subsequently assessed the alignment of the map of head movement with the maps of visual and auditory space. The results confirm vision's essential role in enabling the development of normal sensory-motor correspondence in the optic tectum.
MATERIALS AND METHODS
Five barn owls were raised with their eyelids sutured closed; five normally sighted owls served as controls. Despite the lack of vision, the owls were highly active and interacted vigorously with each other. When the owls reached 6 months of age, we opened the eyelids, placed removable occluders over the eyes, and prepared the birds for tectal stimulation and recording to assess the topography of the motor map.
The techniques used for physiological recording and microstimulation have been described (2, 3) . Briefly, a lightweight (3 g) microdrive, which housed a tungsten electrode, was cemented to the skull with the owl under ketamine anesthesia. The electrode was advanced tangentially through the tectum (Fig. lA) , and the locations of visual and auditory receptive fields were measured at different electrode depths. Visual receptive fields were determined by stimulating the contralateral (dominant) eye with bars of positive or negative contrast projected onto a translucent hemisphere. When necessary (in four of the five blind-reared owls), visual receptive field locations were corrected for abnormal eye position induced by blind-rearing (4): the orientation of each eye was determined from projections of retinal landmarks with the head fixed in a standard position, and receptive field locations (defined in a head-centered coordinate system) were adjusted by the amount that the eye deviated from normal orientation. The magnitudes of the deviations of the left and right eyes, respectively, were as follows: owl 1, 40 and 100; owl 2, 30 and 30; owl 3, 00 and 00; owl 4, 40 and 30; owl 5, 70 and 80; all of the deviations were nasalward. Since the eyes were deviated in the horizontal plane only, the elevations of visual receptive fields required no adjustment. Auditory spatial tuning was determined by counting the units' responses to noise bursts, 20 dB above the units' threshold, presented every 50 in azimuth or 100 in elevation. Sensory receptive fields and head movements were measured in a double pole coordinate system (3): azimuth was defined as degrees left or right of the vertical plane, and elevation was defined as degrees above or below the horizontal plane, both measured from the center of the head with the head centered on the body.
After receptive field measurement, the electrode was withdrawn to just above the tectum. After 2 recovery days, the owl was placed in a padded restraining tube, and microstimulation with standard stimulus parameters (pulse width, 500 AS; pulse rate, 500 Hz; train duration, 80 msec; current strength, 200-800 AA; head initially centered on the body) was applied to each ofthe recording sites (2) . Visual receptive fields were remapped subsequent to microstimulation to verify that the placement and trajectory of the electrode had not changed; discrepancies between visual receptive field centers before and after stimulation were never greater than *To whom reprint requests should be addressed at: Department of Physiology, Box 0444, University of California School of Medicine, San Francisco, CA 94143.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The analysis of sensory-motor correspondence was restricted to sites at which the visual receptive field was located between 00 and 400 contralateral in azimuth and +20°and -20°in elevation; beyond this region, visual-motor correspondence can be poor in normal owls (2) . The direction of a given stimulation-evoked head movement depended only on the site of stimulation and was independent of other stimulus parameters. The size of the movement increased with current strength and plateaued at a consistent value for currents greater than about 3 times threshold. This plateau size was measured as the characteristic magnitude of the movement for that site.
RESULTS
With visual receptive fields corrected for abnormal eye position (Materials and Methods), the map of visual space in the optic tecta of blind-reared owls was essentially normal. Single and multiunit visual receptive fields were normal in size. Both the topography of the visual map, as determined by the rate and regularity of changes in receptive field locations during tangential electrode penetrations, and the absolute position of the map, as indicated by receptive field locations at reconstructed recording sites (n = 30; two owls), were indistinguishable from those measured in normal owls (3) . Thus in owls, as in other species (5) (6) (7) , the topography of the retinotectal projection develops independently of visual experience. Because the visual map was normal, we were able to use the correspondence of stimulation-evoked movements with visual receptive field locations (visual-motor misalignment) to assess the effects of visual deprivation on the motor map.
A motor map did develop in blind-reared owls. Head movements evoked from tectal stimulation were normal with respect to both kinetics and reproducibility from trial to trial (standard deviations of the endpoints of movements evoked with identical stimulus parameters at single sites ranged from 0.50 to 4.3°). Movements changed from upward to downward as the stimulating electrode advanced dorsoventrally through the tectum (Fig. 1) , and they changed from small to large as the stimulation site moved from the representation of frontal visual space in the rostral tectum to the representation of peripheral visual space in the caudal tectum ( Fig. 2A) . Thus, the tendency to form a systematic representation of movement vector and the approximate position and orientation of the map do not depend on vision.
However, the motor map was not normal. The correlation between the vector of evoked head movement and visual receptive field location, though clear, was relatively weak in the blind-reared owls (Fig. 2) . Within an individual owl, visual-motor misalignments varied extensively in size and direction ( Fig. 3) . Even in the course of a single electrode penetration, movement vectors could be too small or too large and too high or too low relative to the location of the visual receptive field (e.g., Fig. iB) . Visual-motor misalignments assayed in a normal owl and in three blind-reared owls. The data are from stimulation sites in both tecta of each owl; each point is based on 8-18 movements. Points that fall on the center of the cross indicate sites at which the movement vector corresponded exactly with the center of the visual receptive field for the contralateral eye. Points above or below the cross indicate movements that were too high or too low, respectively, relative to the visual receptive field location; points to the right or left of the cross indicate movements that were too far rightward or leftward, respectively, relative to the visual receptive field location. Bars indicate standard deviations. deg, Degrees. Fig. 4 summarizes the size of visual-motor misalignments measured for each bird. Although the misalignment at many tectal sites was small (<100 at 21 of 62 sites), those at other sites were remarkably large (up to 390); at 36% of the sites, the visual-motor misalignment was greater than the largest misalignment measured at any site in a normal owl (Fig. 4A ). Median misalignments (horizontal bars in Fig. 4A ) in the blind-reared owls ranged from 11.80 to 17.70 compared with 4.5°to 8.10 in the normal owls. Thus, the median misalignment was greater for each of the blind-reared owls than it was for any of the normal owls (Fig. 4A ). On the basis of this distribution, the hypothesis that visual-motor misalignments in the blind-reared owls were the same as those in the normal owls was rejected at the P < 0.01 level (Mann-Whitney U test). In addition, as shown in Fig. 4B , the size of the visual-motor misalignments did not correlate with the magnitude of the contralateral (dominant) eye's deviation from normal position.
Abnormalities in the motor map were particularly striking at sites where the horizontal or vertical component of movement was opposite in direction to that predicted by the location of the visual receptive field (18 of 62 sites). For example, at 1 site in the right tectum of owl 2, the visual receptive field was centered at 380 left, 180 up, but the evoked movement was directed 180 to the left and 150 down. In another example, at a site in the right tectum of owl 4, the visual receptive field was centered at 190 left, 200 down, but the movement vector was 110 right, 430 down; an ipsilateral A NORMAL movement of this size has not been evoked from any portion of the tectum in a normal owl (2) .
In normal owls, the optic tectum contains a map ofauditory space that is aligned with the map of visual space. The auditory map has been shown previously to be abnormal in blind-reared owls (8) , and it is conceivable that the abnormal auditory map could have conferred aberrant topography onto the motor map. However, the motor map was not aligned with the auditory map in blind-reared owls. Fig. 5 shows an example in which the visual receptive field recorded at a single tectal site in a blind-reared owl (owl 4) was located at 200 contralateral and 150 up, the auditory best area was centered at 50 contralateral and 330 down, and the evoked movement was 150 contralateral and 250 up, corresponding with neither the visual nor the auditory receptive field. Fig.  6 summarizes data from those sites at which auditory as well as visual and motor measurements were made (n = 32). In general, auditory-motor misalignments were larger than visual-motor misalignments: the median auditory-motor misalignment was 21.60, whereas the median visual-motor misalignment was 13.60.
DISCUSSION
The results demonstrate that the alignment ofthe tectal motor map with the maps of visual and auditory space requires visual experience. Although a map of movement vector develops in the tecta of blind-reared owls, its topography is FIG. 4 . Size of visual-motor misalignments in normal and blind-reared owls. Each point represents the difference, in degrees (deg), between the mean of 8-18 movements evoked by microstimulation at a single tectal site and the center of the visual receptive field for the contralateral eye, adjusted for eye position, recorded at that site. (A) Misalignments in five normal (A) and five blind-reared (A) owls. Bars indicate the median misalignment. Note that some points overlap; the number of sites indicated from each normal owl is 6 (owl 1), 5 (owl 2), 5 (owl 3), 6 (owl 4), and 11 (owl 5); the number of sites indicated from each blind-reared owl is 8 (owl 1), 19 (owl 2), 18 degraded, as is the case for the auditory map (8) . The abnormal topography of the motor map cannot be conferred directly by that of the auditory map because evoked movements correspond poorly with auditory spatial tuning in blind-reared owls. However, the possibility that the development of a normal motor map requires visual-auditory alignment cannot be ruled out.
Abnormal eye positions resulting from visual deprivation (4) cannot be entirely responsible for the abnormal topogra- phy of the tectal motor map. The magnitude of visual-motor misalignments did not correlate with the amount of eye deviation (Fig. 4B ). Moreover, any proprioceptive biases that might have resulted from abnormal eye positions should have caused primarily azimuthal shifts in the motor map, since eye positions were normal in elevation, yet movements were misaligned with visual receptive fields in both azimuth and elevation. Furthermore, in owl 3, eye positions were normal, yet the median magnitude of the visual-motor misalignments was larger than any of those observed in the normal owls and D fell within the range defined by the other blind-reared birds (Fig. 4A) . Rather, the results are consistent with a direct role for visual experience in maintaining or guiding the development of the tectal motor map. Normal visual-motor correspondence indicates that an electrically induced focus of activity in the tectum gives rise to appropriate spatiotemporal patterns of motorneuron activity that direct the head accurately to a location represented by the visual receptive field at the site of stimulation. In the owl, four distinct neural circuits, referred to as saccade generators, are activated by the tectal motor command (9) , and each saccade generator controls a component of movement in one of four orthogonal directions: left, right, up, or down. Diagonal movements result from actions of pairs of these saccade generators. The saccade generators transform the topographic tectal code for movement into a code for the magnitude of movement in each component direction. The observation that the movements elicited from a single tectum in a blind-reared animal could be either too small or too large indicates that the generators are driven too weakly from some tectal sites and too strongly from others. Thus, circuit elements at or before the level ofthe saccade generators must require visual experience to be properly adjusted. Exactly where in the tecto-generator pathway this vision-dependent adjustment takes place is not clear. One possibility is that the electrically evoked signal leaving the tectum is abnormal as a result of malformed intratectal circuitry. Another possibility is that the transformation of the tectal efferent signal by the saccade generators is abnormal as a result of inappropriate connectional strengths between specific tectal loci and the saccade generators.
Alignment of visual and motor maps has been demonstrated in the optic tecta (superior colliculus) of a number of other species (1) . Although the type of tectally controlled movement varies across species, all share the problem of ensuring that a visually induced focus of tectal activity gives rise to the appropriate orienting movement. We propose that Neurobiology: du Lac and Knudsen visual experience establishes and/or maintains sensorymotor registration in the optic tectum by providing a feedback signal that can modify tectal and/or post-tectal circuitry based on the success of the orienting movement in directing the eyes toward the target. Whether vision exerts its influence on the tectal motor map during a restricted developmental period or throughout an animal's life remains to be demonstrated.
